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Some aquifers of the southwest Colorado Plateau, U.S.A., are deeply buried and overlain by several imper-
meable units, and thus recharge to the aquifer is probably mainly by seepage down penetrative fracture systems.
This purpose of this study was to develop a method to map the location of candidate deep penetrative fractures
over a 120,000 km2 area using gravity and aeromagnetic anomaly data together with surﬁcial fracture data. The
resulting database constitutes a spatially registered estimate of recharge location. Candidate deep fractures were
obtained by spatial correlation of horizontal gradient and analytic signal maxima of gravity and magnetic anoma-
lies vertically with major surﬁcial lineaments obtained from geologic, topographic, side-looking airborne radar,
and satellite imagery. The maps deﬁne a sub-set of possible penetrative fractures because of limitations of data
coverage and the analysis technique. The data and techniques employed do not yield any indication as to whether
fractures are open or closed. Correlations were carried out using image processing software in such a way that
every pixel on the resulting grids was coded to uniquely identify which datasets correlated. The technique cor-
rectly identiﬁed known deep fracture systems and many new ones. Maps of the correlations also deﬁne in detail
the tectonic fabrics of the southwestern Colorado Plateau.
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1. Introduction
The Colorado Plateau south of the Colorado River and
west of the Little Colorado River (Fig. 1) is the source area
for ground water recharge to the deep aquifers feeding the
springs and seeps on the south side of the Grand Canyon
(Robson and Banta, 1995). In particular, the Mississippian
Redwall Limestone, with its fracturing and karsts, is an im-
portant deep aquifer. This part of the Plateau is sparsely
populated and relatively undeveloped with few deep bore-
holes, and thus little is known of its geology and hydrol-
ogy except at a regional scale. Because several of the
aquifers are beneath essentially impermeable shale forma-
tions up section, most recharge is believed to be down
penetrative fractures rather than by interstratal percolation.
Thus, knowledge of the deep penetrative fracture distribu-
tion may be helpful in managing the groundwater resources.
The objective of this study was to produce a set of maps
of candidate deep fractures for the southwestern Colorado
Plateau derived from vertical spatial correlation of surﬁcial
fractures with the lineaments of deep structure derived from
analysis of gravity and aeromagnetic data (Gettings, 2003,
2003a). On the maps of candidate deep fracture locations,
areas of high density or spatial frequency of correlations
provide an estimate of where recharge potential is more fa-
vorable.
Six 1:250,000-scale quadrangles covering the southwest
portion of the Colorado Plateau in Arizona constituted the
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study area (Fig. 1). The area includes some regions north
of the Colorado River and parts of the Transition Zone and
Basin and Range provinces. An area of one 1:250,000 sheet
approximately centered on 112◦ west longitude and 36◦
north latitude is here designated the “focus area” (Fig. 1)
and is made up of four quarters of the surrounding four
quadrangles. Within the focus area, a line drawing was hand
drawn from the correlation maps produced for all quadran-
gles. Although it does not contain as much information as
the correlation maps, the line drawing is useful for over-
lay on other maps and for delineating subtle through-going
trends not obvious on other displays. All digital data, to-
gether with a descriptive report are available (Gettings and
Bultman, 2005).
2. Geologic Setting
The geologic environment of the southwest Colorado
Plateau is a thick section of sedimentary rocks (1–3 km)
overlying a heterogeneous crystalline basement of contrast-
ing units of magnetization and density. Figure 2 shows a
simpliﬁed geologic map of the area and several excellent
summaries of the geologic history are available (Dickinson,
1989; Beus and Morales, 1990). Here we summarize only
the parts of the geologic history of the study area relevant
the development of tectonic fabrics and to the hypothesis
that surﬁcial fractures vertically correlated with basement
lineaments are probably penetrative fractures.
The basement surface is a low-relief erosional peneplain
comprised of the 1700 Ma-old Vishnu complex of high
grade amphibolitic schists and migmatites with near verti-
cal foliation (Babcock, 1990). These rocks are pervasively
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Fig. 1. Location map showing the locations of the six 1:250,000 scale
quadrangles in the study area and various physiographic features men-
tioned in the text. Quadrangles from top to bottom are Grand Canyon,
Williams, and Prescott for the west (left) column and Marble Canyon,
Flagstaff, and Holbrook for the east (right) column. Focus area is
the lightly gray shaded quadrangle including a quarter each of Grand
Canyon, Marble Canyon, Williams, and Flagstaff quadrangles.
Fig. 2. Geologic map of the study area extracted from Richard et al. (2000), showing generalized geologic relations. Pink, purple, and gray colors are
Precambrian metamorphic basement rocks, blues represent Paleozoic rocks, and browns and greens Mesozoic rocks. Yellow and salmon colors are
Cenozoic volcanic and sedimentary rocks. Faults are shown in bold black, the boundaries of the six quadrangles of the study area are shown in black,
and the boundary of the focus area is shown in red. Upper left corner is at latitude 37◦N, logitude 114◦W; lower right corner is latitude 34◦N, longitude
110◦W.
intruded with pegmatite dikes and multiple plutonic bodies,
mainly granites. The basement rocks are overlain (Fig. 3)
with Precambrian rocks of the Grand Canyon Supergroup
(Hendricks and Stevenson, 1990). These rocks contain sev-
eral disconformities and are block-faulted and tilted. Their
upper surface is another low-relief angular unconformity
that is overlain by the thick Paleozoic sedimentary section
(Huntoon, 1990). These are overlain in turn by Mesozoic
and Cenozoic rocks (Morales, 1990) within the study area,
although not along the edges of the Grand Canyon. Study
of the geologic record (Dickinson, 1989; Hendricks and
Stevenson, 1990; Sears, 1990; Morales, 1990; Huntoon,
1990; Ford, 1990) within the study area reveals at least 22
separate episodes of either uplift or subsidence spanning the
1700 Ma of geologic history of the area. At least four of
these episodes post-date the youngest Cenozoic sedimen-
tary rocks and thus would have affected the entire strati-
graphic section. Huntoon (1990; also, Dickinson, 1989)
documents numerous recurrent displacements on Precam-
brian faults and folds indicating that old zones of weakness
successively propagated up section throughout time. We
have concluded from this evidence that in most cases, any
fault or fracture in the basement will have had some motion
along it during the many episodes of uplift/subsidence and
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Fig. 3. Cartoon cross section showing the generalized stratigraphic section
in the study area. On the diagrammatic edge of the section, more vertical
edges represent dominantly cliff-forming sandstone and limestone, and
sloping edges represent slope-forming shale and mudstone. The Vishnu
Group is metamorphic basement rock. Vertical thickness of the section
is about 2,400 m.
thus will likely be a site of penetrative fracturing.
Several orogenic cycles affected the study area during
its geologic history (Dickinson, 1989; Huntoon, 1990;
Sears, 1990). These compressional events and the sub-
sequent extensional events generated the fracture system
trends that are observed today. During late Precambrian,
crustal contraction resulted in the formation of north-
east trending reverse faults and monoclines; these events
were followed by an episode of extension that gener-
ated northwest trending normal faults of large displace-
ment (Sears, 1990). The Devonian-Mississippian Antler
and Sonoma orogenies were compressional along a west-
northwest direction, resulting in north- to north northeast-
trending fault and fracture systems. Compression during
the Pennsylvanian-Early Permian times was to the north-
west and generated northeast-trending fault and fracture
systems. Many northeast trending structures were gener-
ated or reactivated by the east to southeast compression
of the Sevier Orogeny. Within the study area, the Late
Cretaceous-Tertiary Laramide orogeny produced compres-
sion along northeast to southeast axes to generate or re-
activate northwest to northeast faults and fractures. Mid-
Tertiary extension along a northeast direction reactivated or
generated many northwest-trending structures. Finally, late
Tertiary east-west extension has reactivated many north-
south trending structural elements (Huntoon, 1990). All of
the authors cited emphasize the repeated reactivation of ex-
isting structures by subsequent tectonic events. For exam-
ple, several movements of both a reverse and a normal sense
can be demonstrated on the Bright Angel fault (Sears, 1990;
Fig. 4. Schematic diagram of the correlation scheme used to uniquely
deﬁne correlations between surface and deep lineament datasets. Pixel
values of 0–15 are stored in image format in each of the 3 (red, green,
and blue) channels, deﬁning all 4096 possible correlations.
Huntoon, 1990). As will be seen below, the major structural
trends described here are well displayed in the trends of the
potential ﬁeld data.
3. Method
In many areas characterized by a thick surﬁcial layer of
sedimentary rocks, the mapping of deep penetrative frac-
tures has become an important undertaking. Approximately
ﬂat-lying sedimentary sequences often comprise signiﬁcant
portions of basins and plateaus, and if they contain regional
aquitards such as shales, mudstones, siltstones, or some
limestones, the vertical hydraulic conductivity is essentially
zero except where broken by steeply dipping fractures. In
these environments, the only signiﬁcant recharge to deep
aquifers is via deep penetrative fractures, and mapping their
probable location is thus an important objective for ground-
water studies.
Price (1966, 1974; see also Hancock, 1969 and Jaeger
and Cook, 1976) showed that large sedimentary basins will
develop penetrative joint and fault systems without exter-
nal deformation due to the stresses involved during down-
warp, lithiﬁcation, and subsequent uplift. Of course, ex-
isting stress ﬁelds due to tectonic forces will superpose on
the basinal stresses and modify the overall stress ﬁeld and
consequent fracture pattern. Thus, most authors feel that
fracturing from jointing as well as faulting will generally
be penetrative throughout the entire sedimentary section as
it exists at the time of fracture development. On the other
hand, the nature of the fracturing, that is, whether fractures
tend to be single and through going, or branching networks,
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Table 1. Summary of the various datasets used in this study.
Dataset Date acquired Grid interval, Estimated horizontal Reference
m, or scale accuracy ± m
Aeromagnetic anomaly 1947–1982 500 250 Sweeney and Hill (2001)
Bouguer gravity anomaly 1930s–2000 500 250 Sweeney and Hill (2001)
Isostatic gravity anomaly 1930s–2000 500 250 Sweeney and Hill (2001)
Geologic mapping 1983–2000 1:1,000,000 500 Arizona Geological
(1993, 2000) Survey (1993);
1:500,000 250 Billingsley (2000);
(1983) Hirschberg and Pitts (2000);
1:100,000 50 Richard et al. (2000)
(2000)
Digital Elevation Models 1996 30 15 EROS Data Center (2001);
USGS (2004)
Side Looking Airborne Radar 1983 25 13 EROS Data Center (2001);
LANDSAT Thematic Mapper 1999 15 8 ARIA (1998)
depends upon both the lithologic character and the tectonic
history, as does whether or not the fractures remain open
or are closed. For example, a sedimentary section in an
extensional stress regime is more likely to have a higher
proportion of open fractures than a section in a compres-
sional stress regime. Odling et al. (1999) give an excellent
review of fracture systems in sedimentary rock sections and
their resulting permeabilities for ﬂuid ﬂow in fractures. This
study does not address the question of openness of fractures
other than to note that the overall stress regime in the study
area has been extensional for much of Tertiary and Qua-
ternary time (Huntoon, 1990). The fundamental assump-
tion for this study was that if a surﬁcial fracture correlated
downdip with a lineament in the basement rocks, it is proba-
ble that it is a penetrative fracture. Thus, the strategy was to
map lineaments in the basement that are horizontally curvi-
linearly persistent, and to superimpose this map on a surﬁ-
cial fracture map derived from geologic and other shallow
data.
These assumptions are validated by direct observation in
the Grand Canyon area, where the existence of faults and
fractures intersecting the canyon walls on the surface of the
sedimentary Plateau surface can be directly traced down the
canyon wall into structures in the underlying metamorphic
and igneous rocks of the basement. The Bright Angel fault
zone (Huntoon, 1990), for example, can be observed to off-
set both the sedimentary and basement rocks. Most side
canyons and changes in river course direction in the area are
seen to be related to differential weathering along penetra-
tive fractures (Potochnik and Reynolds, 1990; Sears, 1990).
Huntoon (1990) points out that virtually all the structures
observed in the walls of the Grand Canyon predate the Col-
orado River and its canyon. Hereford and Huntoon (1990)
review several mechanisms of mass wasting occurring from
processes related to unloading of the canyon walls from the
erosional cutting of the canyon. These processes produce
fractures and failure parallel to the walls of the canyon and
are not a signiﬁcant component of the surﬁcial lineament
data of this study. The basement crystalline rocks are highly
deformed amphibolitic schists with numerous injections of
granitic bodies (Babcock, 1990). The schists are relatively
magnetic and dense compared to the granitic zones. The
lithologic contacts are steeply dipping to vertical and have
strong physical property differences, so that the basement is
ideal for producing contrasting signatures in the geophysi-
cal data.
There are several sources of errors with the method.
For the deep fracture pattern, a lack of sufﬁciently precise
or closely spaced magnetic and gravity anomaly data will
mean that not all anomalies will be detected and thus lin-
eaments, especially subtle ones, will be lost. If fracture or
fault systems do not juxtapose rocks with contrasting den-
sity or magnetization, there will be no anomaly. For the
shallow fracture dataset, lack of sufﬁciently precise data
is a limitation, and some man-made features (e.g. roads,
pipelines, transmission lines, and railroad tracks) may lead
to false identiﬁcations. Shallow burial by surﬁcial deposits
may obscure fractures. The net result of these sources of
error is that the set of penetrative fractures deﬁned by this
method is a lower bound on the total set.
4. Data Compilation and Sources
4.1 Geophysical data
Existing Arizona state complete Bouguer gravity
anomaly, isostatic gravity anomaly, and aeromagnetic
anomaly data (Sweeney and Hill, 2001) were used for this
study. These data are in the form of regular grids with a
value at 500 m intervals. The grid interval constitutes a low
pass ﬁlter on the data so that the precise location of anomaly
features cannot be determined at distances less than about
one half a grid interval. This fact determined that the scale
of the correlation analysis would be 1:250,000 scale. More-
over, in some parts of the study area, the density of observed
gravity and/or aeromagnetic data is too sparse to justify in-
terpretation at higher resolution.
4.2 Surﬁcial data
Four types of Earth’s surface data were used to detect
curvilinear features (lineaments) expressed at the Earth’s
surface. These were: 1) USGS side-looking airborne radar
(SLAR); 2) Landsat 7 Thematic Mapper panchromatic im-
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agery (TM); 3) USGS digital elevation models (DEM), and
4) published geologic mapping (Arizona Geological Survey
and Bureau of Land Management, 1993; Billingsley, 2000;
Hirschberg and Pitts, 2000; Richard et al., 2000). SLAR
and DEM data were purchased from EROS Data Center
(2001), and TM imagery was obtained from the University
of Arizona image archive ARIA (1998). Table 1 summa-
rizes the datasets we used in this study together with their
dates of acquisition, resolution, and accuracy.
5. Geophysical Data Processing
The primary tool for this interpretation was the location
of local horizontal gradient maxima (Blakely and Simpson,
1986). These authors show that for relatively steeply dip-
ping to vertical contacts between rocks of differing mag-
netic and/or density properties, the maximum horizontal
gradient in the magnetic (using the “reduction to the pole
transformation” or the “pseudogravity transformation”) or
gravity anomaly ﬁeld will occur very nearly vertically over
the contact between the two differing rock types. Analytic
signal maxima (Nabighian, 1972) have been utilized in this
study as an additional structural indicator and a means of
deﬁning dip of deep structures. If the deep structure has dip-
ping boundaries that are not steep, the horizontal gradient
maxima will be displaced downdip from the analytic signal
maxima, thus allowing an estimate of the dip. If magnetic
horizons are present within the sedimentary section and if
there is evidence of signiﬁcant non-vertical dip of fracture
systems, an intermediate depth layer must be utilized. No
such horizons were required in this study.
The three geophysical datasets were ﬁrst subsetted into
grids covering each of the six 1:250,000 scale quadrangles
of the study area. An arbitrary overlap of several rows and
columns outside the actual quadrangle boundaries was in-
cluded in the grids to insure that there would not be any
discontinuities in resolved trends between quadrangles. For
each quadrangle, the aeromagnetic data were transformed
from dipolar to monopolar form using the “reduction to
the pole” transformation (see, for example, Blakely, 1995).
This transformation is necessary to prevent distortion of the
structural trends mapped by the aeromagnetic anomaly at
locations other than the magnetic poles due to the dipole
form of magnetic anomalies. Shaded relief images of the
aeromagnetic anomaly (not reduced to the pole in order
not to distort anomalies in areas with strong remnant mag-
netization), Bouguer gravity anomaly and Isostatic gravity
anomaly were prepared, illuminated from the northeast and
northwest respectively, for a total of six maps. These maps
allow visual checks of the validity of the trend lines gen-
erated by computer. Additionally, they are valuable in the
study of the various areas as an overlay to geologic and geo-
graphic map data. For each of the three grids (aeromagnetic
anomaly reduced to the pole, Bouguer gravity anomaly and
isostatic gravity anomaly), the maxima of horizontal gradi-
ent and analytic signal were calculated and stored as a set of
x,y points locating the maxima on the map. All map manip-
ulation and analysis was done using Oasis Montaj software
produced by Geosoft, Inc., Toronto, Ontario, Canada, sup-
plemented with several GX plugins produced by USGS (J.
Phillips, written communication, 2003). The use of trade
names for software here is for information only and does
not constitute an endorsement of the software.
A trend analysis for the three anomaly grids for each
quadrangle was performed on the horizontal gradient grid.
Because every anomaly is ﬁnite in spatial extent, its trends
completely encircle it, but any elongation or preferred ori-
entation will show up as a peak above the uniform back-
ground in the distribution of trends if a uniform spatial sam-
ple is observed. The grid itself is a uniform spatial sample,
so by plotting a histogram or rose diagram of the strike of
the horizontal gradient at each grid point, an unbiased sam-
ple is obtained. Peaks in this distribution represent the trend
directions of non-circular anomalies and map the directions
of boundaries between various magnetization and density
contrasts (Gettings, 2001). This procedure was carried out
for horizontal gradient of the reduced-to-pole aeromagnetic
anomaly, the Bouguer gravity anomaly, and the isostatic
gravity anomaly grids. Grauch (1988) reported similar ex-
periments with gridded data but using average trends within
a window moving over the grid.
6. Surﬁcial Data Processing
Several lineament extraction techniques were applied to
each type of surface feature data. The technique chosen for
the extraction of lineament features from the data was based
on a subjective visual analysis of which method produced
the set of lineaments most comparable in linear extent to the
geophysical lineaments for each type of data. Lineaments
were extracted from the data at the original resolution of the
data. All lineament products were interpolated to 30 m pixel
size for correlation with geophysical data. Data processing
of the surﬁcial imagery datasets was carried out using the
image processing software system ENVI produced by Re-
search Systems, Inc. Several programs were written in this
system by M. Bultman using IDL (Interactive Display Lan-
guage) to accomplish the correlations, threshold images,
and produce the pixel-encoded RGB correlation images.
Two general problems were encountered in the extraction
of curvilinear surface features (surface lineaments) from the
data. First, the number of surface lineaments is much higher
in areas of canyons, due to the extreme topography, than it is
in relatively ﬂat areas. Yet, the lineament extraction method
needs to be sensitive enough to identify surface lineaments
in both ﬂat terrain and in rugged topography. Because of
this, the spatial density of lineaments extracted from the
data is much higher in areas with large topographic relief.
The second problem is that linear cultural features are ex-
tracted from both the SLAR and TM imagery. While this
problem was considered in the analysis, it turned out that
there are no known cultural lineaments that correlated with
geophysical lineaments for distances long enough that they
might be considered a signiﬁcant hydrological structure. In
the Holbrook quadrangle, several cases of correlations of
aeromagnetic anomaly with surﬁcial lineaments were iden-
tiﬁed as due to railroad tracks, but the map extent of these
correlations is trivial, amounting to less than a kilometer be-
cause most of the railroad track does not happen to lie on an
aeromagnetic survey ﬂight line.
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6.1 SLAR
SLAR radar energy is transmitted perpendicular to the
aircraft’s ﬂight path. The signal received by the aircraft
is a function of the reﬂectivity and geometry of the ob-
jects reﬂecting the radar back to the aircraft. This signal is
processed to produce an amplitude/time video signal with
brighter pixels indicating higher energy returns. This cre-
ates a series of image strips that are combined into an im-
age of an area. The SLAR images are optically digitized at
a pixel size of about 25 meters. Because SLAR illuminates
the terrain at an oblique angle, it enhances topographic and
geologic features and is therefore ideally suited to the de-
tection of geologically based curvilinear features.
The method chosen for lineament extraction from SLAR
data in this analysis calculated the inter-pixel variance
within a moving window. A 3×3 pixel moving window was
applied to the data and the variance of the 9 pixel values in
the window was calculated and assigned to the location of
the center pixel. The image of all center pixels produces a
new image that maps textures and highlights lineaments (ar-
eas where pixel values change rapidly). The variance values
in these images ranges from near zero to very large numbers
(>100,000). The mean variance value within the study area
is 300 to 500, but is very dependent on the type of terrain
the image encompasses. In order to highlight the impor-
tant curvilinear features obtained, all values with a variance
lower than a chosen minimum value are set to zero and
those above are set to one to produce a binary lineament
map. In this analysis the minimum variance value was cho-
sen subjectively based on the observed variance distribution
in each quadrangle, and varied between 300 and 500 for the
six quadrangles.
6.2 Thematic Mapper data
Thematic Mapper multispectral imagery obtained from
the Landsat 7 satellite was also used for the detection of
curvilinear features on the Earth’s surface. This satellite
has the latest version multispectral scanner, called the En-
hanced Thematic Mapper Plus, referred to as TM here for
simplicity. The important component of this new mapper
in terms of this analysis is that it is capable of obtaining a
panchromatic image with a spatial resolution of 15 m per
pixel. This image (TM band 8) provides an increased abil-
ity to resolve and detect curvilinear features on the Earth’s
surface compared to the previous Landsat satellites (NASA,
2004).
The TM data used in this analysis was acquired in
early October, 1999. This data should provide good linea-
ment detection in the panchromatic band and also produce
good images designed to detect vegetation (Kidwell, 1990).
These images are referred to as normalized density of veg-
etation index (NDVI) images. They are usually computed
using two bands from the satellite data, and infrared (IR)
and a visible (VI) band. NDVI is then the quotient of the
difference over the sum: (IR−VI)/(IR+VI). The vegetation
images were used to determine if mapped curvilinear linear
geophysical anomaly-surface lineament correlations affect
occurrence of vegetation where they intersect canyons.
The method chosen for lineament extraction from TM
data was convolution with a directional kernel. This method
convolves a 3×3 pixel kernel with the band 8 image. The
kernel is designed to enhance features along a speciﬁc di-
rection. For this study 4 principal directions were used.
These directions are analogous to azimuths of 0, 45, 90,
and 135 degrees. Since each convolution results in a sep-
arate image with most lineaments running in the direction
of the speciﬁc kernel direction, the 4 images were added to
produce an isotropic lineament image. This lineament im-
age contains a large range of values and a high pass ﬁlter
was applied to the image to select only important features.
All values at or above the minimum for each quadrangle
were set equal to one to produce a binary lineament map.
6.3 DEM
Digital elevation model (DEM) data was also used in the
Earth’s surface curvilinear feature detection. This data nu-
merically represents the topography of Earth’s surface and
thus includes information on the direct or indirect response
of the Earth’s surface to geology. The DEM data used
here are from the National Elevation Dataset (USGS, 2004)
which has a one arc-second (approximately 30 meters) spa-
tial resolution and is the highest resolution dataset available
over the entire study area.
The method chosen for lineament extraction from the
DEM data was the same method used to detect geophysical
anomalies, i.e., the location of local horizontal gradient
maxima (Blakely and Simpson, 1986) .
6.4 Geologic mapping
The geologic component of the surface lineament data
relies solely on the mapping of faults and folds in geologic
maps within the study area. These maps include mapping
at 1:1,000,000 scale (Arizona Geologic Survey and Bureau
of Land Management, 1993), 1:500,000 scale (Hirschberg
and Pitts, 2000), and 1:100,000 scale (in the Grand Canyon
1:100,000 scale quadrangle only) (Billingsley, 2000). Late
in the analysis, it was discovered that the 1:1,000,000 geo-
logic map of Richard et al. (2000) contained a number of
newly mapped faults not present on the 1993 map. These
faults were not used in the analysis but were used as a
test dataset to evaluate the effectiveness of detection by the
method as discussed below.
7. Correlation of Surﬁcial and Deep Lineament
Data
The deep and surﬁcial lineament images were superim-
posed and candidate penetrative fractures deﬁned by spatial
coincidence of features at the pixel (30 m) level using the
ENVI image processing software. The geophysical datasets
are deﬁned on a much coarser grid of 500 m interval. Be-
cause of the larger interval, the precise location of the maxi-
mum gradient is uncertain to approximately half the grid in-
terval. However, a property of potential ﬁeld data requires
that the ﬁeld vary in a smooth and continuous way. This
property is utilized in the technique of horizontal gradient
location used in this study and generally results in locations
more precise than one half a grid unit. As discussed above,
the bulk of the geophysical data variations are thought to
come from sources in the basement below the sedimentary
platform, and in this case the horizontal gradient location is
quite precise and of the order of a 100 m or less. If there is
signiﬁcant dip to the surﬁcial fractures, this must be taken
into account using depth estimates computed from the grav-
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Fig. 5. Composite rose diagrams for the strike of the horizontal gradient for the complete Bouguer anomaly, the isostatic gravity anomaly and the
aeromagnetic anomaly for each of the six 1:250,000 quadrangles of the study area. Quadrangles from top to bottom are Grand Canyon, Williams, and
Prescott for the west (left) column and Marble Canyon, Flagstaff, and Holbrook for the east (right) column. Note changes in distribution of trends for
the different quadrangles.
ity and magnetic anomaly data. In order to account for the
uncertainty of gradient locations due to the geophysical data
grid spacing and dip of fractures, we allowed correlations
within ±1/2 grid unit (250 m) of a deep lineament. This
allows for dips of about 50◦–130◦ between the surface and
the deep structure for typical depth to basement of about 1
km, which is representative for the study area.
The three geophysical lineament sets (aeromagnetic,
Bouguer gravity anomaly, and isostatic gravity anomaly)
correlated spatially with the surﬁcial lineament sets pro-
duced a database. The data were stored in the format of an
RGB image, with correlations of surﬁcial lineaments with
Bouguer gravity anomaly in the red channel, correlations
with isostatic gravity anomaly in the green channel, and
correlations with aeromagnetic anomaly in the blue chan-
nel. One RGB-format database was constructed for each
of the six quadrangles, and one for the focus area. In each
database, pixels in each of the three channels with no corre-
lation were set to 0 (black); pixels that correlated with sur-
ﬁcial datasets were given nonzero numbers coded to show
with which of the surﬁcial datasets the geophysical data
were correlated (Fig. 4). In each channel, a correlation
with: geology was set to 1; topography was set to 2; the-
matic mapper was set to 4; and a correlation with SLAR
was set to 8. Using this scheme, the sum of the numbers
is unique for every combination of correlations so that no
information is lost. Thus, the 4096 total possible combi-
nations of correlations for every pixel are stored in three
channels as a number between 0 and 15 for every pixel cov-
ering the study area with. For example, a value of 7 in the
red channel and 0 in the green and blue channels for a pixel
means that Bouguer gravity anomaly correlates with geol-
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Table 2. Azimuthal bands of distinctive trends of horizontal gradient for the six quadrangles of the study area. Abbreviations: CBGA—complete
Bouguer gravity anomaly; IGA—isostatic gravity anomaly; AMA—aeromagnetic anomaly. Numbers in parentheses give the subjective relative rank
of the peak in the trend distribution, for example, (1) is a ﬁrst order or dominant trend, (2) is second order, and so on.
Quadrangle CBGA IGA AMA
Grand Canyon (1) 350–005 (1) 000–015 (1) 010–025
(1) 040–045 (1) 035–045 (2) 320–010
(2) 320–345 (2) 320–345 (2) 040–060
(2) 005–040 (2) 020–035
(3) 280–315 (3) 290–305
(3) 250–280
Marble Canyon (1) 355–005 (1) 030–060 (1) 040–050
(1) 050–060 (2) 000–020 (2) 015–040
(2) 070–100 (2) 065–080 (2) 050–065
(2) 030–050 (3) 270–320 (3) 070–085
(3) 310–345 (3) 325–350 (4) 265–290
(3) 005–030
Williams (1) 020–040 (1) 025–040 (1) 010–025
(2) 345–020 (2) 310–320 (2) 025–065
(2) 040–050 (2) 015–020 (3) 340–010
(3) 290–345 (3) 040–070 (3) 275–285
(3) 280–310
(3) 340–015
Flagstaff (1) 040–050 (1) 040–045 (1) 035–055
(2) 025–035 (1) 050–055 (2) 355–035
(2) 050–060 (2) 020–035 (2) 055–070
(3) 310–355 (2) 055–070 (3) 270–290
(3) 275–285
(3) 300–015
Prescott (1) 275–340 (1) 000–045 (1) 045–070
(2) 015–040 (2) 285–000 (2) 005–045
(2) 065–070 (3) 050–065
(2) 080–090
Holbrook (1) 300–320 (1) 060–070 (1) 040–080
(2) 280–290 (2) 265–280 (2) 005–040




ogy, topography, and thematic mapper, and isostatic grav-
ity and aeromagnetic anomalies do not correlate. Although
the database cannot be displayed as a meaningful image, by
loading the database into the image processing software one
can examine pixel-by-pixel the correlation values to deter-
mine which surﬁcial data layers correlated with geophysical
layers.
8. Results
The various datasets and their supporting metadata dis-
cussed above, together with the derivative overlay images
produced a data archive of more than 80 Gigabytes (Get-
tings and Bultman, 2005). Most layers are stored in Geo-
tiff geographically registered image format or in appropriate
ﬁles for import into the ARC/INFO Geographic Informa-
tion System. In particular, in addition to the image-format
version, the three layers are also given as ARC Grids for
each of the six quadrangles and the focus area giving the
ﬁnal correlations coded from 0–15 for each 30 m pixel
as discussed above. These grids are called the correlation
maps and constitute the ﬁnal products of this analysis; they
map the locations of candidate deep penetrative fractures
for the study area. We have not been able to ﬁnd any sat-
isfactory way of displaying the total information content of
these grids to date, however we have summarized the grids
in several ways described below. The archive also contains
all supporting data used in the analysis and several visual-
izations and summaries of the correlations.
The trend analysis of the three geophysical grids was pre-
pared as a set of eighteen rose diagrams, one for each quad-
rangle for each of the three geophysical grids. These dia-
grams have been combined into a single diagram in Fig. 5
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with the rose diagrams plotted in the map position of the
quadrangle to which they apply. This enables comparison of
the diagrams with the geologic map of Fig. 2. Table 2 lists
the ranked trend set directions determined by the authors
from study of Fig. 5 for these diagrams for each anomaly
type and each quadrangle.
Correlation NDVI maps were produced for the six quad-
rangles and focus area in order to determine if there was
any relationship between correlations and surface vegeta-
tion. These images are geotiff images of the normalized
difference vegetation index with all correlations overlain.
The correlations are not keyed to either geophysical data or
surface lineament data, but are all presented as one color
to make the map as readable as possible. Relationships to
geographic features were studied by overlaying correlations
on Digital Raster Graphic (DRG) maps. A special coding
was used for the correlations in this map, since the 4096
different possible correlations would create a map that was
very difﬁcult to read. Correlations were coded only to the
geophysical data, so that where surface lineament data of
any kind (SL) correlated only to complete Bouguer anomaly
data (CBA), the correlations were presented in red; where
SL correlated only to isostatic gravity anomaly data (IGA),
the correlations were presented in green; and where SL cor-
related only to aeromagnetic anomaly (MAG) data, the cor-
relations were presented in blue. The following combina-
tions of correlations were also shown. SL correlated to
CBA and IGA was shown in yellow, SL correlated to CBA
and MAG was shown in magenta, SL correlated to IGA and
MAG was shown in cyan, and SL correlated to CBA, IGA
and MAG was shown in black. Pixels with zero correla-
tion were set to white. Figure 6(a) shows a histogram of
the correlations in this coding scheme for the focus area.
Geophysical lineaments in approximately 1.7 million of the
22.6 million pixels in the focus area correlated with one or
more surfaces lineaments, or about 7.5% of the focus area
has correlations. About 2.9% correlate SL with gravity lin-
eaments and about 3.5% of the correlations are with aero-
magnetic lineaments. Only about 1% of the total pixels cor-
relate with both aeromagnetic and gravity lineaments. The
stronger correlation with aeromagnetic lineaments is to be
expected for two reasons. First, the aeromagnetic data cov-
erage is denser than that of the gravity data and thus resolves
more lineaments, and second, the gravity anomalies reﬂect
deeper structures in the basement in addition to the shallow
basement, whereas the the aeromagnetic lineaments reﬂect
primarily shallow basement structures. Within the correla-
tions, about 40% are with gravity lineaments and about 60%
are with aeromagnetic lineaments.
Figure 6(b) shows how the surface lineaments correlated
with the geophysical lineaments for the focus area. The
shapes of the distributions for the three geophysical datasets
are similar, with the two gravity anomaly lineament corre-
lations being virtually identical. Aeromagnetic lineament
correlations are more numerous in all categories except cor-
relation with all four surﬁcial lineament datasets. For single
dataset correlations, SLAR correlations are most common,
followed by TM, topography, and geology. The smaller cor-
relation with geology may in part be due to the fact that the
fault and fold trace dataset is the smallest of the surﬁcial lin-
(a)
(b)
Fig. 6. Histograms of correlations for the focus area. (a) Correlations
of one or more surﬁcial lineament datasets with geophysical lineament
datasets (CBGA, complete Bouguer gravity anomaly; IGA, isostatic
gravity anomaly; MAG, aeromagnetic anomaly). N is the total num-
ber of pixels in the focus area, including correlation and no correlation
pixels; NC is the total number of focus area pixels with correlation.
(b) Correlations of geophysical lineament datasets with combinations of
the four surﬁcial lineament datasets, abbreviations as in a), and GEOL,
geologic maps; TOPO, digital elevation models; TM, LANDSAT The-
matic Mapper; and SLAR, side looking airborne radar. Note logarithmic
scale for the number of correlations in percent and that the distributions
are nearly identical in shape with larger values for the aeromagnetic
anomaly correlations.
eament datasets. Single dataset correlations are generally
much more numerous than correlations with several surﬁ-
cial datasets. For the multiple correlation cases, TM and
SLAR and topography and SLAR are the most numerous,
and correlation with all four surﬁcial datasets is least fre-
quent.
Finally, in the focus area, a line drawing map (see Fig. 7
for a portion) was prepared by drawing lines by hand on an
overlay of a color plot of the seven-color correlations de-
scribed above. This image contains much less information
than the correlation maps since it only shows presence or
absence of correlation; it is nevertheless useful in the detec-
tion of through-going lineaments and as an overlay on geo-
logic maps. A disadvantage of this map was that it required
a long time to prepare (about 100 hours), although using im-
age processing techniques, the authors believe preparation
time could be reduced signiﬁcantly.
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Fig. 7. Northwest quarter of the line drawing of correlations between deep- and shallow-lineament datasets for the focus area (see Figs. 1 and 2 for focus
area location). Colored lines are from geologic maps: red, green and blue lines are faults; and yellow and magenta lines are fold axes. Thin orange
lines are 15′ latitude-longitude grid lines. Labeled features are; 1, Sinyala fault; 2, Crazy Jug monocline and Muav fault; 3, Big Springs fault and
monocline; 4, Uncle Jim fault; 5, Vishnu and McKee faults; 6, Bright Angel fault; 7, Supai monocline; and 8, Slate fault. Labels “A” show examples
of parallel lineaments (“railroad tracks”) from analytic signal and horizontal gradient that indicate more shallow dip in the basement contacts.
9. Discussion
Wewere surprised at the large number of correlations and
howwell the method seemed to work. The method is almost
completely carried out by computer and requires a minimal
number of subjective decisions, namely decisions that pro-
duce surﬁcial lineament densities comparable to those from
the geophysical data. This makes the approach quite objec-
tive and repeatable because the actual delineation of linea-
ments is not carried out by a subjective process.
Close examination of the line drawing (Fig. 7) shows that
there are several kinds of correlation: correlation of deep
lineaments with surﬁcial faults, folds or lineaments that re-
sult in a line, and correlation with surﬁcial joint patterns
that result in en echelon patterns or paths of joint-like cor-
relation because of the “smearing” of the deep lineament
location to account for the low-pass ﬁlter effect of the grid-
ding of the geophysical data and possible dip of structures.
As discussed above, joints are generally thought to be pen-
etrative as well as faults, so that correlations with surﬁcial
joints are as important as correlations with faults and there
is no reason to expect that existing joints, when favorably
oriented, would not accommodate offset. Figure 7 shows
examples of both correlations together with “railroad track
correlations” that occur for two reasons. First, small off-
sets occur because of location discrepancies of fold axes
and fault traces between the various geologic map datasets
from differences in scale and accuracy of compilation. Sec-
ond, and more importantly, if a boundary in the geophysical
datasets is not dipping steeply, the horizontal gradient max-
ima will be displaced downdip from that of the analytic sig-
nal. This results in correlations with two parallel lines (see
locations labeled “A” in Fig. 7), and thus show where dip-
ping basement structures may be important. Labeled faults
and fold axes on Fig. 7 show that while most mapped faults
are detected at least in part, fold axes are much less fre-
quently mapped and often have no geophysical expression.
For areas outside of the focus area, the correlations im-
ages in their various forms can be used instead of the line
drawing. The line drawing is in fact a very simpliﬁed ver-
sion of the correlations, and the 0–7 coded geophysical lin-
eaments correlations, or some version of the full correlation
grids, should be used instead. This would permit the appli-
cation of correlation rules such as correlations from several
datasets being more heavily weighted than only one cor-
relation. The line drawing does have one advantage, which
is to highlight some penetrative structures that can be traced
across the entire area, sometimes as fault/fold axes and else-
where utilizing joints for some portion of the lineament.
Several such features can be seen on Fig. 7, especially east-
northeast directions and north-south directions.
The large number of correlations additional to those de-
ﬁned in surface geologic mapping leads one to the ques-
tion of whether the correlations are real or fortuitous. A
contact in the basement between two contrasting rock types
should not necessarily lead to offset and penetrative frac-
ture. We have concluded, however, that most if not all of
the correlations are probably real for the following reasons.
First, the geologic history, reviewed brieﬂy above, docu-
M. E. GETTINGS AND M. W. BULTMAN: PENETRATIVE FRACTURE MAPPING OF THE SOUTHWEST COLORADO PLATEAU 711
ments numerous episodes of uplift, erosion (presumably
differential depending on lithology and degree of fractur-
ing), subsidence, sedimentation, lithiﬁcation, compression,
and extension. With such a long history of repeated tec-
tonic stress, it seems to us that virtually every fracture, zone
of weakness, and even many contacts (surfaces of differing
rock strengths) have probably moved in response. Second,
our correlation maps compare well with known tectonic
features (see, for example, Sumner, 1985), especially fault
zones, or are parallel with or strike extensions of known
features. Third, late in this study we discovered that the ge-
ologic map of Richard et al. (2000) contained a substantial
number of previously unmapped faults not present on the
maps we used in the analysis. Within the focus area, there
are about 50 new faults (depending on how one counts seg-
ments following the same strike) shown on this map. Of
these 50, only three short segments were not detected at
least in part by our correlations. Figure 8 shows an example
containing two of the undetected fault segments. In gen-
eral though, we ﬁnd that most faults have correlations only
in segments, rather than in long continuous lines, and quite
a few (perhaps 10–15%) do not have a geophysical expres-
sion and thus no correlation. The analysis also suggests that
many of the mapped faults have extensions not mapped on
the surface and in some cases, nearby parallel structures.
If the correlations or a subset of them are fortuitous, then
in such a large study area they should show a near random
distribution, since correlations would not be connected by
penetrative fractures. Correlations would occur where the
(numerous) surﬁcial fractures happened to lie above a base-
ment rock physical property contrast. In order to test if
the distribution of correlations was random, we employed
quadrat analysis (Thomas and Huggett, 1980). This tech-
nique was applied to the Grand Canyon 1×2 degree quad-
rangle in order to study the spatial distribution of all cor-
relations generated between the geophysical anomaly data
and the surface lineament data. The Grand Canyon quad-
rangle was chosen because it had the most numerous and
visually the most random distribution of correlations. The
analysis was applied to a 174 km by 108 km portion of the
quadrangle; only a small area along the borders was omitted
in order to use quadrats that contained exactly 100 rows and
100 columns in the 30 m pixel size correlation image, that
is, 3 km by 3 km quadrats. This produced 2088 quadrats.
The smallest number of correlations in a quadrat was 11
the largest was 4420. The variance/mean ratio (Thomas
and Huggett, 1980) of all correlations in the 2088 quadrats
is 523.3 indicating that the correlations neither follow a
uniform (variance/mean ratio of zero) nor a random (vari-
ance/mean ratio of unity) spatial distribution in the quad-
rangle. Such a large ratio indicates that the correlations are
non-random and strongly clustered spatially (Thomas and
Huggett, 1980).
Figure 5 shows a summary of the rose diagrams for the
trends of the three anomalies for each of the six quadran-
gles. There are signiﬁcant changes between quadrangles
showing that there are variations in the tectonic histories
as one moves about the study area. In Table 2 we have
ranked the trend directions of the more important trendsets.
Comparison of Fig. 5 with Fig. 2 shows that in general the
Fig. 8. Illustration of correlation with faults not present in the geologic
dataset. Broad colored lines are centered on faults from geologic maps.
Blue faults were present in the database during the analysis, and the red
faults were not present. Note that parts of all but two red faults were
detected from correlation with other surﬁcial data. Note also parallel
trends in black linework (“railroad tracks”) indicating non-vertical dip
in the basement sources causing geophysical lineaments.
peaks in the trends on the rose diagrams correspond to the
directions of faults for the ﬁrst and second order trendset
directions. All of the trendset directions correspond to frac-
ture directions deﬁned from the various orogenic and exten-
sional cycles of the geologic history discussed above, and
are for the most part identical with major trend directions
described by Blank et al. (1997) for the northern Colorado
Plateau.
Two systematic relations in peak positions are present in
Fig. 5. First, there is a counter-clockwise movement of the
peaks of 5–15 degrees observed for each data type as one
proceeds westward and to a lesser degree, southward. Blank
et al. (1997) show that the center of arcuate structures de-
ﬁned by gravity and aeromagnetic data in the northern half
of the Colorado Plateau is southwest of the Four Corners
area, near the central eastern edge of the Marble Canyon
quadrangle (Fig. 2) and point out this is approximately the
center of the topographic uplift of the plateau. We observe
similar arcuate anomalies in a zone along the margin of the
Colorado Plateau to the west and southwest in the gravity
and magnetic anomalies. The counter-clockwise movement
of trend peaks in Fig. 5 as one approaches the west and
southwest margins of the plateau thus probably represents
the superposition of structures parallel to the plateau margin
on the regional structures deﬁned in the central part of the
Colorado Plateau.
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Fig. 9. Normalized Density of Vegetation Image of the Havasu Creek area just south of its conﬂuence with the Colorado River. Red overlay is the
deep geophysical-shallow surﬁcial lineament correlation dataset. Letters mark a sample of points where a nearby intersection of a red trend with the
drainage changes the NDVI in the drainage, signifying a change in the amount of vegetation and by implication the amount of available nearsurface
water. A is an east-west trend; B, northeast-southwest; C, northwest-southeast; D, north-south; and E, combination of trends. All trend directions are
approximate.
Where one can correlate peaks in the rose diagrams
for aeromagnetic, isostatic gravity, and complete Bouguer
gravity anomalies, there is a clockwise movement of the
trendset peak from Bouguer gravity anomaly to isostatic
gravity anomaly to aeromagnetic anomaly of 5–10 degrees
between each dataset. The Bouguer gravity anomalies
should reﬂect sources ranging in depth from shallow crustal
structures to deep structures in the mantle, whereas the iso-
static gravity anomaly generally are attributed to structures
at crustal depths, and the aeromagnetic anomalies generally
attributed to sources in the upper crust. The trendsets from
the three datasets thus show trends coming from different
depths, and combinations of the three rose diagrams should
be able to deﬁne trends coming from deep, intermediate,
and shallow structures. The trendset peak locations of this
study (Fig. 5) show that the trends from inferred shallow
structures (aeromagnetic data) are typically 10–20 degrees
clockwise from the trends inferred to come from the deep-
est structures (Bouguer gravity anomaly). We are unsure of
the cause of these trendset differences, but they may be due
to upper Mantle and lower crustal structures from the low
angle subduction beneath the western Cordillera postulated
by many authors (reviewed in Blank et al., 1997).
Sumner (1985) has described the structural features ob-
served in the gravity and aeromagnetic anomalies of the
study area as part of his interpretation for the entire state of
Arizona. His work described the regional scale fault zones,
large structures and crustal igneous events observable in the
potential ﬁeld data, and provided a basis for our more de-
tailed interpretations within the study area. The Prescott
quadrangle in the southwest study area shows a strong peak
in the northwest direction (Fig. 5) corresponding to the
large scale northwest trending structures of the Transition
Zone from the Colorado Plateau to the Basin and Range
provinces. In this quadrangle the aeromagnetic and isostatic
gravity trends are strongly northeast, corresponding to the
smaller structures and lithologies that have a strong north-
east trend in the Prescott area. The Grand Canyon quad-
rangle shows dominantly north-south and northeast trends
as well as lesser northwest and east-west trend sets. The
eastern column of quadrangles (mostly well within the Col-
orado Plateau) shows dominantly northeast trends, but with
large differences betweenMarble Canyon and the two quad-
rangles to the south, as one moves south and away from the
center of the Plateau. Marble Canyon also has strong sets of
lineaments trending north-south, northwest, and east-west.
It is notable that although most of the quadrangles show
strong northeast and northwest lineaments, all quadrangles
contain subsets of approximately north-south and east-west
lineaments. The Williams quadrangle has similar trends to
the those of Flagstaff plus a superposed set of trends rep-
resenting structures parallel to the Plateau edge. Figure 5
contains a great deal of information related to the tectonic
history of the southwestern Colorado Plateau and deserves
further study. Further research in combining the diagrams
to obtain ﬁltered datasets of shallow, intermediate, and deep
structural trends is needed. Using a moving window over
the datasets (similar to that described by Grauch, 1988)
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would deﬁne continuous variations of the trendsets in a way
useful for regional tectonic studies.
Blank et al. (1997) have observed a distinct set of
structures in a band overlapping the northern Colorado
Plateau margins and the surrounding extensional provinces.
They suggest that these structures may represent gravi-
tational collapse radially outward from the center of up-
lifted Plateau, and that there may be magmatic inﬁlling be-
tween the blocks of Precambrian basement in this zone of
outward extension. We see evidence for the same types
of arcuate structures in the geophysical anomalies of the
study area along the western and southwestern Plateau mar-
gin. Force (1997) has documented 7 km of Eocene mag-
matic thickening in the Santa Catalina core complex off
the south-southwest margin of the Plateau, and Gettings
(1996) showed that “rafting” of the Whetstone Mountains
by a subsurface Tertiary intrusive was the only simple way
to explain the aeromagnetic and gravity anomalies. Get-
tings (1994) suggested that magmatic inﬁlling between ex-
tended basement blocks was a major cause of the regional
aeromagnetic and gravity anomalies in southeastern Ari-
zona. These magmatic events are essentially contempora-
neous with the timing of uplift of the Plateau (about one km
post-Laramide Paleogene uplift and about three km Neo-
gene uplift, reviewed in Blank et al., 1997).
Images showing the derived deep- and shallow-data cor-
relations superimposed on the NDVI images show clearly
that many correlated lineaments are controlling surface wa-
ters (an example is shown in Fig. 9). We infer that structures
corresponding to the correlated lineaments are damming
near-surface water or creating springs in drainages so that
water is held sufﬁciently close to the surface to support
vegetation, thus producing whiter portions of the drainage.
In areas where the structure appears to abruptly cut off the
NDVI downstream, we infer that the structure intercepts the
drainage and takes the water to deeper depths so that there
is little or no vegetation downstream. The controls by east-
west lineaments is somewhat surprising as the east-west lin-
eaments were thought to be a fabric in the basement but
are not obvious on the surface without the methods of this
study. Numerous cases can be seen on Fig. 9 where whiter
sections of drainages are bounded by intersecting correla-
tions. On the other hand, there are several areas of vegeta-
tion that do not show any control by correlations and thus
are apparently not related to deeper structures. The NDVI
images also are a convenient means of locating springs and
seeps that have substantial associated vegetation within the
Grand Canyon.
Assuming that most of the correlations between the geo-
physical and surﬁcial datasets do indeed represent penetra-
tive fractures, the density or frequency of occurrence of cor-
relations on a per square kilometer basis from the results
of this study constitutes a crude estimate of fracture den-
sity, and by logical extension, the possibility of hydrologic
recharge to deeper levels by ﬂow down fractures. This is
visually seen as areas of sparse or dense line occurrence in
the line drawing (Fig. 7). Continuous quantitative estimates
can be calculated by passing a window over the correlation
grids and counting the number of non-zero pixels within the
window. Figure 10 illustrates a test case from within the fo-
Fig. 10. Spatial density of correlations of all types for a portion of the
focus area. Warmer colors represent more correlations per unit area.
In the study area environment, areas of higher density of correlations
represent candidate areas for more penetrative fracturing and therefore
more recharge than areas of low correlation density (for example, dark
area in upper center of ﬁgure).
cus area and shows clearly the variability of candidate frac-
ture density. By varying the window size in the calculation
of the density of correlations, appropriate grids of possible
fracturing could be produced for ground water models. Be-
cause of the regional scale of the geophysical data used in
this study, the data are probably only reliable at a regional
ground water model scale with grid intervals of 500 m or
greater. Use of these grids for site-scale ground water mod-
els might not be reliable because of averaging over only a
few (30 m) pixels. In the future, we plan to experiment
with imposing different correlation criteria, such as requir-
ing correlation with two or more geophysical datasets or
requiring correlation with multiple surﬁcial datasets in or-
der to produce maps with varying criteria for the density
estimates.
All correlations were equally weighted in this study. In
the future, however, we hope to apply various weighting
schemes to emphasize, for example, areas where more than
one surﬁcial dataset correlated at depth, or where more than
one deep dataset correlated with the shallow lineaments.
We intend to investigate using possibility theory (Kandel,
1982) to make logical combinations of all the correlations
at each pixel location with the goal of ﬁnding the best and
poorest correlations according to some selected set of crite-
ria or weighting rules. Analyses such as these can easily be
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carried out using the grids that give the pixel-by-pixel corre-
lations for the aeromagnetic, Bouguer gravity and isostatic
anomalies.
10. Conclusion
The methods used in this study objectively and repeat-
ably locate a subset of deep penetrative fracture candi-
dates. They do not, however, provide any information as
to whether any fracture is open or closed. In some cases,
time domain electrical sounding can detect whether or not a
particular fracture is water-ﬁlled or not, however there is at
present no method to survey large areas such as the area of
this study for reasonable costs. It is also to be remembered
that if a structure in the basement does not juxtapose rocks
of differing density or magnetization, there will be no geo-
physical anomaly and thus no deep lineament to correlate
with surface lineaments. Because of this and lack of de-
tailed spatial data coverage, there are probably many more
deep penetrative fractures than mapped by this study. All
of the important deep fracture directions detected by this
study are accounted for by known tectonic events in the ge-
ologic history. This study has, however, mapped many ex-
tensions of known structures and delineated numerous new
structures parallel to known ones.
The correlation maps produced in this study provide a
map of the tectonic fabric for the Southwestern Colorado
Plateau and the interpretation of this fabric will be a fruitful
area of research. We believe the results presented here point
to a complex history of plateau uplift and radial horizontal
extension in a broad transition zone around the margins of
the Plateau.
The method described here yields a subset of candidates
of deep penetrative fractures except for coincidental corre-
lations. We have shown that the distribution of correlations
is highly clustered and non-random, and thus most corre-
lations are unlikely to be coincidental. The locations of
candidate deep fractures are presented at a resolution (pixel
size) of 30 m, but are subject to errors in location of up
to plus or minus 250 m due to the 500 m grid interval of
the geophysical data deﬁning the location of deep structural
boundaries. Numerous new zones of deep fracturing pos-
sibility have been deﬁned and are archived in digital grids
that uniquely deﬁne which deep and shallow datasets cor-
relate. Once threshold parameters are chosen for the linea-
ment extraction algorithms, the procedure is objective and
repeatable.
The inferred structures appear to also control near-
surface water movement in some cases. The spatial density
of correlations (Fig. 10) gives a starting approximation of
areas of poor and good recharge possibility due to deep frac-
ture density. Finally, possibility theory from fuzzy logic,
or some other schema of criteria, could be used to further
quantify and discriminate the correlations.
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